Abstract-Diaphragm electromyography is a valuable technique for the recording of electrical activity of the diaphragm. The analysis of diaphragm electromyographic (EMGdi) signal amplitude is an alternative approach for the quantification of the neural respiratory drive (NRD). The EMGdi signal is, however, corrupted by electrocardiographic (ECG) activity, and this presence of cardiac activity can make the EMGdi interpretation more difficult. Traditionally, the EMGdi amplitude has been estimated using the average rectified value (ARV) and the root mean square (RMS). In this study, surface EMGdi signals were analyzed using the fixed sample entropy (fSampEn) algorithm, and compared to the traditional ARV and RMS methods. The fSampEn is calculated using a tolerance value fixed and independent of the standard deviation of the analysis window. Thus, this method quantifies the amplitude of the complex components of stochastic signals (such as EMGdi), and being less affected by changes in amplitude due to less complex components (such as ECG). The proposed method was tested in synthetic and recorded EMGdi signals. fSampEn was less sensitive to the effect of cardiac activity on EMGdi signals with different levels of NRD than ARV and RMS amplitude parameters. The mean and standard deviation of the Pearson's correlation values between inspiratory mouth pressure (an indirect measure of the respiratory muscle activity) and fSampEn, ARV, and RMS parameters, estimated in the recorded EMGdi signal at tidal volume (without inspiratory load), were 0.38 ± 0.12, 0.27 ± 0.11, and 0.11 ± 0.13, respectively. Whereas at 33 cmH 2 O (maximum inspiratory load) were 0.83 ± 0.02, 0.76 ± 0.07, and 0.61 ± 0.19, respectively. Our findings suggest that the proposed method may improve the evaluation of NRD.
S
URFACE electromyography is a minimally invasive tool for monitoring and evaluating muscle electrical activity for clinical diagnosis and research purposes. It provides information about the electrical response of motor unit recruitment near the position of the electrode, attached to the skin surface above the muscles. In general, the amplitude of the surface electromyographic (EMG) signal is positively correlated and increases nonlinearly with the force generated by the musculoskeletal system during contraction [1] - [3] . Traditionally, the EMG amplitude has been estimated using the average rectified value (ARV) and root mean square (RMS) value, which provide useful information about the signal in the time domain [4] .
Measuring respiratory muscle function, especially that of the diaphragm, the main respiratory muscle involved in inspiration, is increasingly recognized as important for clinicians to improve their understanding the mechanisms of breathing, for instance, in patients suffering from chronic obstructive pulmonary disease (COPD) [5] , [6] or critically ill patients in intensive care units [7] . The diaphragm electromyographic (EMGdi) signal provides a real-time indirect measure of neural respiratory drive (NRD), which reflects the load on the respiratory muscles [8] , [9] . Several studies have shown that NRD, assessed by normalized EMGdi signals, is higher in patients with respiratory disease than in healthy subjects [9] - [11] . Nonetheless, the EMGdi signal has the drawback of being influenced by electromagnetic noise [12] and crosstalk effects of physiological origin such as motion artifacts [13] , respiratory muscles [14] , and above all, the electrocardiographic (ECG) signal from the heart [13] . The estimation of the NRD from EMGdi signals will be affected by the accuracy of the EMG measurement.
In a general context, the ECG signal appears as large amplitude, short-time duration train of impulsive noise superimposed on the EMGdi signal. Impulsive noise is also found in other respiratory signals at the beginning and the end of inspiratory breathing [15] . ECG interference is a problem as it hinders the evaluation and clinical interpretation of the EMGdi signal [16] . In particular, the EMGdi amplitude is modified, and this is reflected in the classical amplitude estimators (ARV and RMS), which are considerably influenced by the presence of the ECG activity. Various approaches based on signal processing [17] - [21] , and sensor instrumentation [22] have been proposed to minimize the effect of ECG interference on the analysis of respiratory muscle signals.
In the research setting, the sample entropy (SampEn) method has shown great potential in the study of biomedical signals.
SampEn, a modification of the approximate entropy (ApEn) [23] presented by Richman and Moorman [24] , measures the regularity of a dataset, and it is an indirect measure of KolmogorovSinai entropy. The analysis of SampEn has contributed to diverse areas in the field of biomedical engineering [25] - [28] . In this paper, we applied a variation of the SampEn called fixed sample entropy (fSampEn) [29] for the evaluation of the EMGdi signal. This method uses a moving window of analysis and a fixed tolerance value. In [29] , fSampEn has been used to evaluate the respiratory muscle strength from diaphragm mechanomyographic (MMGdi) signals under the presence of cardiac vibration and was found to be less influenced by cardiac activity than ARV and RMS value. In addition, fSampEn has been also used to determine the onset time of muscle activity in surface EMG signals, achieving a lower mean error than other methods based on conventional amplitude thresholding [30] , [31] and to estimate grasping force from intramuscular EMG signals [32] .
The aim of this paper was to evaluate the behavior of the fSampEn, as a method for improving the measurement of NRD from EMGdi signals in the presence of cardiac activity, compared to ARV and RMS approaches. To achieve this objective, first we applied the fSampEn, ARV, and RMS methods to synthetic EMGdi signals, for which we were able to separately generate the diaphragm electromyographic component and the cardiac component. Second, we tested the proposed methods in an experimental study with EMGdi signals recorded in healthy subjects during an incremental inspiratory load test.
II. MATERIALS AND METHODS

A. Recorded EMGdi Signals
Physiological signals were acquired in five male healthy subjects with no medical history of cardiac, pulmonary, or neuromuscular disease (mean ± standard deviation: age 31.0 ± 2.6 years, height 1.77 ± 0.08 m, weight 79.8 ± 10.1 kg). The study was conducted with the subject's written consent, and with the approval of the Institutional Review Board of the Institute for Bioengineering of Catalonia (IBEC), Barcelona, Spain. The skin was initially prepared using an abrasive gel (Nuprep, Weaver and Company, Aurora, CO, USA) and cleaned with alcohol to reduce the skin/electrode impedance prior to electrode placement. For EMGdi acquisition, a pair of electrodes in bipolar configuration was positioned on the lower right chest along the anterior axillary line (one electrode below the other), over the seventh (positive electrode) and eighth (negative electrode) intercostal spaces above the costal margin [17] . The EMGdi signal was recorded using a modular amplifier (EMG 100C, Biopac Systems, Santa Barbara, CA, USA) with a gain of 5000 and an analog band-pass filter from 1 to 500 Hz. A ground electrode was placed on the left ankle as a reference. For this procedure, standard circular and disposable Ag/AgCl electrodes were used (10-mm diameter contact area, pregelled, foam electrode 50/PK-EL501, Biopac Systems, Santa Barbara, CA, USA) and electrodes were placed 2-cm apart. In order to evaluate the cardiac activity without EMGdi activity, the EMGdi signal was first recorded while the subjects were holding their breath (without respiratory activity). The subjects were able to maintain a relaxed breath hold for about 12 s. This signal has been used to build the synthetic EMGdi signal with cardiac noise.
For the activation of the diaphragm muscle and recording of the corresponding signal (EMGdi rec ) during the inspiratory phase of the breathing cycle, the subjects used a threshold inspiratory muscle trainer (Threshold IMT, Philips Respironics, Amsterdam, The Netherlands). This device has been used for training and enhancing inspiratory muscle in patients with a range of medical conditions including COPD [5] and during the weaning process in intensive care [33] . It generates an adjustable steady pressure during the inspiratory process, independent of the flow, through a spring-loaded valve (linear resistance) [34] . The subjects were requested to inhale through a mouth-piece connected onto the inlet of a T-tube together with the inspiratory muscle trainer coupled to the outlet. Inspiratory mouth pressure (P mouth ) was measured with a differential pressure transducer (TSD160, Biopac Systems) and a modular amplifier (DAC100C, Biopac Systems) with a gain of 50, connected to the T-tube connected via approximately 60 cm of tubing. Recording of P mouth , and consequently, the respiratory muscle work, was performed at tidal volume, and inspiratory pressures of 9, 17, 25, and 33 cmH 2 O.
The subjects wore a disposable nose clip to prevent nasal breathing during the test while comfortably seated in a chair with their arms by their sides. Signals from the modular amplifiers were recorded at a sampling frequency of 2000 Hz by a data acquisition system (MP150, Biopac Systems), displayed and stored in a computer via the accompanying software (AcqKnowledge software v.3.2). Signals were later offline filtered using a zero-phase fourth-order Butterworth filter with a bandpass from 5 to 400 Hz, subsampled by a factor of 2, and analyzed using MATLAB (v. R2011b, Natick, MA, USA).
As an example, plots a and b of Fig. 1 show the P mouth and EMGdi rec signals, respectively, of one subject. A MATLAB file containing the P mouth and EMGdi rec signals recorded from all subjects can be found in the supporting information section.
B. Synthetic EMGdi Signals
Since an objective evaluation of the effect of ECG interference on the fSampEn, ARV, and RMS parameters requires knowledge of the original undisturbed signals, we simulated EMGdi signals with and without ECG noise. For each of the five subjects, a synthetic inspiratory envelope (ENV i ), and EMGdi signals without ECG noise (EMGdi s ) and with ECG noise (EMGdi n ) were generated taking into account the main features of the corresponding EMGdi rec signals. Fig. 2 illustrates the main steps of the method for generation of these synthetic signals.
1) The EMGdi signal contains different frequency components in inspiratory and expiratory phases [17] . Therefore, for each subject and each inspiratory pressure level studied (tidal volume, 9, 17, 25, and 33 cmH 2 O), two autoregressive (AR) models were adjusted to simulate the behavior of the two respiratory phases. These AR models were estimated from the recorded EMGdi data using concatenated ECG-free inspiratory and expiratory segments, respectively, as is illustrated in Fig. 2 , plots a and b. The orders of the AR filters were selected using the modified Akaike information criterion [35] . The variance and the AR coefficients of the inspiratory and expiratory segments (σ 2 i and σ 2 e , and A i and A e , respectively) were used to generate the EMGdi activity free of ECG interference. 2) Two cyclical envelopes were generated to simulate the inspiratory (ENV i ) and expiratory (ENV e ) processes occurring during normal breathing. The two envelope signals have opposite phases, as shown in Fig. 2 (c). A quarter of the respiratory cycle was composed of the inspiration plateau, half was the expiration plateau and the last quarter the rising and falling segments. A Hamming window was used to generate these rising and falling segments. The envelopes lasted 300-s with a frequency of 16 breaths per minute. The respiratory rate and inspiratory periods were selected based on data from a study of breathing patterns in healthy subjects [36] . The amplitudes of the ENV i and ENV e were adjusted every 60-s multiplying by the variances of the AR processes, σ 2 i and σ 2 e , respectively, estimated for each subject at each inspiratory pressure level. 3) Two EMGdi templates (EMGdi i and EMGdi e ) free of ECG noise were modeled by filtering a Gaussian signal using the corresponding AR coefficients, and then, multiplying it by the envelope signals [see Fig. 2 , plots (d) and (e), respectively]. 4) The EMGdi s signal was generated by adding the two EMGdi templates [see Fig. 2(f) ]. 5) An EMGdi signal was acquired while subjects were holding their breath (EMGdi hold ). As subjects were able to maintain a relaxed breath hold for about 12 s, to form 300 s of signal, this breath hold signal was concatenated with itself 25 times. This EMGdi hold signal was then filtered using a fourth-order Butterworth low-pass filter with a cutoff frequency of 45 Hz, i.e., the frequency range of the ECG signal [see Fig. 2 (g)]. 6) Finally, the EMGdi n signal was generated by adding the filtered EMGdi hold signal to the EMGdi s signal [see Fig. 2(h) ]. All signals were generated using a sampling rate of 1000 Hz. As an example, plots a and b of Fig. 3 show the ENV i and EMG n signals, respectively, for the same subject as in Fig. 1 . A MATLAB file containing the ENV i , EMGdi s , and EMGdi n signals simulated for all subjects can be found in the Supporting Information section.
C. Sample Entropy With Fixed Tolerance Values
SampEn [24] quantifies the complexity and regularity of time series, identifying patterns of change in data. It reduces the problem associated with ApEn [23] of counting self-matches by avoiding the value ln(0) and is more independent of record length. Two parameters are required to calculate the SampEn: the embedding dimension m, referred to the length of data that will be compared, and the tolerance value r.
Let x(n) = {x(1), x(2), . . . , x(N )}, denotes N-elements of a data sequence.
1) The subsequences of data
2) The distance between two vectors X(i) and X(j) is expressed as the maximum absolute difference between corresponding elements of the respective subsequences as
(1) where i = j. 3) B i (r) is the number of subsequences X(i) that resemble X(j) and satisfy
with i = j. 4) A i (r) is the number of subsequences X(i) that resemble X(j) and satisfy
with i = j. 5) The frequency of the patterns encountered that are similar in subsequences X(i) and X(j) for B i and A i are
where i = 1, 2, . . . , N − m. 
7) Finally, the sample entropy SampEn(m,r,N) is defined as
SampEn is evaluated over a moving window and using fixed r values that do not depend on the standard deviation of each moving window. We call the modification of SampEn presented in this paper fixed SampEn (fSampEn) [29] . In the way, that it has been defined, fSampEn will be higher if the signal covers a wide range of amplitudes or is highly complex. The fixed fSampEn algorithm was implemented using MATLAB software and the program code is available in Supporting Information section. fSampEn was calculated over EMGdi s , EMGdi n , and EMGdi rec signals using a 1-s moving window and with 90% overlap. In each subject, the fSampEn of the three EMGdi signals was evaluated with the same m and r values. Based on a preliminary study [29] , m was set at 1 and r at 0.3 times the standard deviation of the EMGdi rec signal. Since the EMGdi n has been generated with the characteristics of the EMGdi rec signal, the standard deviation of the EMGdi n signal is very similar to that of the EMGdi rec signal.
D. Methodology for Assessing the fSampEn Parameter
Pearson's correlation coefficient (R) and Lin's concordance correlation coefficient (ρ) were used to assess agreement between signals. In practical terms, R provides a measure of the strength of linear association between two measurements (precision) and ρ assesses the agreement between two measurements considering whether they fall on the 45º line through the origin (both precision and accuracy) [37] , [38] . Specifically, ρ is a correction factor for R and, as a consequence, its values are lower. R is traditionally interpreted as very strong for 0.80-1.00, strong for 0.60-0.79, moderate for 0.40-0.59, weak for 0.20-0.39, and very weak for 0-0.19 [39] , while ρ is traditionally interpreted as almost perfect for > 0.99, substantial for 0.95-0.99, moderate for 0.90-0.95, and poor for < 0.90 [40] .
ARV, RMS, and fSampEn parameters were calculated over the EMGdi s , EMGdi n , and the EMGdi rec signals using a 1-s moving window and with 90% overlap. The R coefficient was used to assess the linear relationship between the parameters calculated using the moving window over the following pair of signals: EMGdi s versus EMGdi n , EMGdi s versus ENV i , EMGdi n versus ENV i , and EMGdi rec versus P mouth . The ρ coefficient was used to assess the relationship between the parameters calculated over the synthetic signals without and with ECG noise (EMGdi s versus EMGdi n ). The R and ρ values were calculated by analyzing separately the range of envelope amplitudes, for the synthetic signals, and the range of inspiratory load levels, for the recorded signals.
The correlation values were compared between fSampEn and ARV, and between fSampEn and RMS, using the nonparametric Mann-Whitney U-test. p-values smaller than 0.05 are considered to denote statistical significant differences between the correlation values. Fig. 3 illustrates (a) the ENV i , (b) EMGdi n signal, and the evolution of (c) ARV, (d) RMS, and (e) fSampEn for the EMGdi s (blue line) and EMGdi n (red line) signals, for one subject. It can be observed that the influence of ECG is much more notable in the classical ARV and RMS amplitude parameters than in the fSampEn. Response without ECG can be defined as ideal and was used to determine the periodic evolution of parameters due to the EMGdi activity (without cardiac interference). As the amplitude of the synthetic envelope increases, the EMGdi component increases relative to the background EMGdi hold signal and the parameter response approaches the ideal response.
III. RESULTS
A. Evolution of the fSampEn Parameter in the Synthetic EMGdi Signals
The graphs on the left depict a zoom on the tidal volume breathing over 10-s, the case with the least diaphragm activity. In normal subjects, tidal volume refers to the amount of air inhaled and exhaled with each breath, at rest (without any inspiratory load). Fig. 4(a) and (b) represent, respectively, the mean and standard deviation of the R and ρ values between ARV, RMS, and fSampEn parameters calculated over EMGdi s and EMGdi n signals at different envelope amplitudes. These R and ρ values allow us to evaluate the effect of the cardiac noise on the estimated parameters. It was observed that both R and ρ increase as the amplitude increases, although the increase in ρ is more pronounced. fSampEn had the highest R values throughout the analysis followed by ARV and RMS parameters. A moderate correlation (the weakest) was observed for RMS at a tidal volume (0.25 ± 0.24) and a very strong correlation was observed at 33 cmH 2 O for fSampEn (0.99 ± 0.003). Significant differences (p < 0.01) were found between R values of fSampEn and ARV, and fSampEn and RMS, for all envelope amplitude levels. The highest ρ values throughout the analysis were obtained again by fSampEn followed by ARV and RMS parameters. fSampEn at 33 cm H 2 O had a substantial concordance (0.97 ± 0.02). Significant difference with p = 0.016 was found between the ρ values of fSampEn and ARV at the amplitude level corresponding to tidal volume. For the rest of ρ values, significant differences with p < 0.01 were found between fSampEn and ARV, and between fSampEn and RMS. Fig. 5 shows the mean and standard deviation of the R values between ARV, RMS, and fSampEn parameters calculated over EMGdi s and ENV i signals [see Fig. 5(a) ] and between the parameters calculated over EMGdi n and ENV i signals [see Fig. 5(b) ], at different envelope amplitudes. R values allow us to evaluate the ability of the parameters to estimate the cyclical behavior in the EMGdi signal amplitude. When the EMGdi signal has no ECG interference, R values are generally high indicating that all parameters were very strongly correlated. No significant differences were found between the R values of fSampEn and ARV, and fSampEn and RMS. Conversely, when there is ECG interference, the R values are lower, the magnitude of R increasing with the amplitude. In this case, fSampEn obtained the highest R, achieving mean values always higher than 0.85. Significant differences (p < 0.01) were found between R values of fSampEn and ARV, and fSampEn and RMS, for all envelope amplitude levels. Fig. 1 illustrates (a) the P mouth and (b) EMGdi rec signals, and the evolution of (c) ARV, (d) RMS, and (e) fSampEn for the EMGdi rec signal, for the same subject as in Fig. 3 . It can be observed that ECG interference was notable for classical ARV and RMS amplitude parameters, compared to the effect in fSampEn, similar to results obtained for the EMGdi n signal shown in Fig. 3 . Moreover, as the inspiratory load increases the EMGdi content is higher and the parameter response is less influenced by the ECG. The graphs on the left show a zoom on 10-s of tidal volume breathing, as noted before, the case with the least diaphragm activity. During tidal volume breathing, fSampEn had a better performance (less influenced by the ECG) for the EMGdi rec than the EMGdi n signal, whereas ARV and RMS performed less well. Fig. 6 represents the mean and standard deviation of the R correlation values of P mouth and EMGdi rec signals for ARV, RMS, and fSampEn parameters at different inspiratory loads. R correlation values increase as the load increases; similar behavior is observed in the synthetic signals [see Fig. 5(b) ]. Once again, the highest R values were obtained with fSampEn, mean values for this parameter always being higher than 0.38.
B. Effect of ECG Noise in the Synthetic EMGdi Signals
C. Evolution of the fSampEn Parameter in the Recorded EMGdi Signals
D. Effect of ECG Noise in the Recorded EMGdi Signals
The analysis of concordance was not conducted in this section because the concordance measures the agreement between data estimated by different methods. When comparing R values of the fSampEn with ARV, significant differences were found at 17 and 33 cmH 2 O (p < 0.05), but no significant differences were found at tidal volume (p = 0.5), 9 cmH 2 O (p = 0.06), and 25 cmH 2 O (p = 0.09). When comparing R values of the fSampEn with RMS, significant differences (p < 0.01) were found for all inspiratory load levels. Pearson's correlation coefficient (R) between the ENV i signal and the ARV, RMS, and fSampEn parameters calculated using a 1-s moving window over (a) EMGdi s signal and (b) EMGdi n signal. R values are calculated at different levels of amplitude of the ENV i . E1 to E5: ENV i amplitudes corresponding to tidal volume, and inspiratory loads of 9, 17, 25, and 33 cmH 2 O, respectively. Data are presented as mean ± standard deviation across the synthetic signals generated for the five subjects. Fig. 6 . Pearson's correlation coefficient (R) between the P m outh signal and the ARV, RMS, and fSampEn parameters calculated using a 1-s moving window over EMGdi rec signal. R values are calculated at different levels of P m outh . L1 to L5: inspiratory loads corresponding to tidal volume, and inspiratory pressures of 9, 17, 25, and 33 cmH 2 O, respectively. Data are presented as mean ± standard deviation across the signals recorded from the five subjects.
E. Evaluation of Neural Respiratory Drive
To investigate the ability of the EMGdi parameters to describe the NRD, we analyzed the variation of maximum values of ARV, RMS, and fSampEn parameters achieved during each respiratory cycle. All EMGdi parameters were normalized by the mean value at the lowest envelope amplitude/inspiratory load. As is shown in Fig. 7 , the maximum values of all the parameters increase as the amplitude/load increases.
IV. DISCUSSION
It is well known that muscular signals such as that from diaphragm electromyography are greatly influenced by external factors and other physiological signals, that from cardiac activity being one of the most important. ECG contamination complicates the analysis of the EMGdi signal by physicians. In this context, we can consider ECG as structured noise with higher amplitude and shorter time duration than the random nature EMGdi activity.
Classical amplitude-based parameters ARV and RMS have been widely used for the NRD estimation by the EMGdi signal [8] , [9] . However, the analysis of EMGdi with these parameters is greatly affected by the presence of ECG. The most interesting aspect of this study is the use of fSampEn as a new estimator of the NRD from EMGdi signals that is robust against the presence of ECG noise. This method has the advantages over ARV and RMS classical parameters of being more robust and less sensitive to the presence of ECG noise at different inspiratory loads. Although in this study, we have evaluated only signals from healthy subjects, the use of fSampEn to evaluate NRD could be extended to the analysis of the respiratory system output in patients with different respiratory diseases, such as COPD [9] , cystic fibrosis [10] , or obstructive sleep apnea [41] . To reduce the effect of the ECG, EMGdi signals are usually either only recorded from the right hemithorax and/or evaluated only considering the EMG activity between QRS complexes [42] . In contrast, with fSampEn, there is no need to remove segments with ECG activity and we can obtain more reliable information than with ARV and RMS, given its greater robustness in the presence of cardiac noise.
We have tested this alternative estimator by evaluating recorded (EMGdi rec ) and synthetic (EMGdi s and EMGdi n ) EMGdi signals. Despite EMGdi s and EMGdi n signals not fully characterizing the EMGdi rec signal, they do provide the main features in the frequency and amplitude context. First, the energy and the frequency content of the synthetic signals during the inspiratory and expiratory phases were adjusted to match that of the recorded EMGdi signals using AR models. Second, the same respiratory rate of 16 cycles per minute was used and this rate is within the normal range of breathing [36] . Third, the EMGdi n signal was contaminated with the ECG signal, recorded during a breath-hold maneuver using the same electrode configuration as for acquiring the EMGdi rec signal. In both cases, a total of five EMGdi amplitude levels were analyzed with a total of 80 inspiratory cycles. Fig. 7 . Evaluation of neural respiratory drive. ARV, RMS and fSampEn parameters calculated using a 1-s moving window over (a) EMGdi n signal and (b) EMGdi rec signals. Parameters are calculated at different levels of amplitude of ENV i and P m outh , respectively, and normalized to the first mean value. E1 to E5: ENV i amplitudes corresponding to tidal volume, and inspiratory loads of 9, 17, 25, and 33 cmH 2 O, respectively. L1 to L5: inspiratory loads corresponding to tidal volume, and inspiratory pressures of 9, 17, 25, and 33 cmH 2 O, respectively. Data are presented as mean ± standard deviation across the synthetic signals generated for the five subjects, and across the signals recorded from the five subjects, respectively.
A comparison of all parameters for the amplitude estimation of the electromyographic component present in EMGdi s and EMGdi n signals served to characterize the response of the EMGdi signal when it is affected by cardiac activity at different inspiratory loads. For all parameters, both R and ρ values increased as the envelope amplitude increased. This implicitly indicates that the related signal-to-noise ratio improves as the envelope amplitude increases. From the highest to lowest performance, the highest values were obtained with fSampEn, followed by ARV, and RMS with the lowest values for both R and ρ. Notably, in general terms all parameters can be considered moderately to very strongly correlated, the strongest relation being found with fSampEn parameter. ρ takes into account not just the precision, but also the accuracy of the data. In the case of comparing EMGdi s and EMGdi n signals, the ρ value takes into account the offset found between the estimation of the parameters. A visual inspection of Fig. 3 shows that the smallest offset was obtained with fSampEn and the largest with RMS.
The evaluation of the correlation between the synthetic EMGdi signals (EMGdi s and EMGdi n ) and the ENV i signal indicated how well all parameters correlate with or without ECG interference through the simulated increase in diaphragm muscle activation. First, a comparable and very strong correlation was obtained between the ENV i signal and the fSampEn, ARV, and RMS estimations for the EMGdi s signal. Second, comparison between ENV i and parameter estimation for the EMGdi n signal showed that fSampEn had a very strong correlation, ARV had a weak-to-very strong correlation while RMS had a weak-to-strong correlation. This tendency was similar and comparable to that obtained with correlation parameters for the EMGdi s signal, with a higher performance as the envelope amplitude increases.
The correlation between P mouth and parameters for estimation of the NRD by the EMGdi rec signal also increases as the inspiratory load increases, the strength of the correlation from the highest to the lowest being for: fSampEn, ARV, and RMS. These findings are comparable to those with EMGdi s and EMGdi n signals .
For estimation of the EMGdi rec signal, the fSampEn parameter performed well. It is also noticeable by simple visual inspection that respiratory periods were better identified with the fSampEn than using ARV or RMS parameters. Indeed, ARV and RMS performed poorly, especially at lower inspiratory loads. Notably, all parameters tended to increase with the inspiratory load. Our study confirmed that the relationship of respiratory output with EMGdi activity characterized using fSampEn increases over the whole range of inspiratory mouth pressures covered, as it does with classical ARV and RMS amplitudebased parameters. The slope was steepest with fSampEn (indicating that they are more sensitive) followed by ARV and RMS as shown in Fig. 7 .
The use of surface diaphragm EMG signal for estimating NRD has the advantage of its minimally invasive nature and its ability to sample a large number of motor units. However, surface EMG recordings are often affected by the activity of adjacent muscles, causing crosstalk [14] . In this study, we have tried to minimize crosstalk from muscles of the trunk by performing the measurements with the subjects in a relaxed, upright seated position. Furthermore, we have used a threshold trainer [34] , a device that imposes an inspiratory load and allows us to increase inspiratory muscle effort of diaphragm [5] , [42] , while adjacent muscles involved in the expiration are minimally activated. In addition, EMG signals from adjacent inspiratory muscles that interfere with diaphragm muscle should behave in a similar way to the diaphragm EMG signal. Therefore, we can consider that the surface diaphragm EMG signal analyzed, even if it contains crosstalk, reflects changes in the respiratory muscle activation pattern.
V. CONCLUSION
This study presents the use of fSampEn as an alternative to the classical ARV and RMS parameters for the estimation of NRD by EMGdi signals under the presence of ECG interference. This method has been shown to be less affected by cardiac activity during the inspiration process at several inspiratory mouth pressures. Moreover, the proposed method has been shown to have potential for being used to extract useful information from muscular activity of patients with compromised respiratory function. Further studies should be conducted to assess the feasibility of using these methods to evaluate the EMGdi activity in clinical studies.
